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The metal-semiconductor (m-s) contact i s  one of the o;dest semiconduc- 
t o r  devices 113, y e t  even today it i s  not  completely understood. Schottky 
121 o r i g i n a l l y  described the basic device, shown i n  Fig. 1. I t  i s  merely a 
metal i n  d i r e c t  physical contact  w i t h  a semiconductor w i t h  the b a r r i e r  
height determined by bulk metal mi seniconductor propert ies.  The f a c t  t h a t  
rea l  devices do not  behave i n  t h i s  simple manner (Fig.  Z ) ,  i s  a t t r i b u t e d  t o  
surface states a t  the semiconductor surface [3]. 
t h i s  comes about i s  shown i n  F igs .  3 and 4. 
The mechanism by which 
Bardeen [3] assumed tha t  there were i n t r i n s i c  surface states 
semiconductor surface p r i o r  t o  metal deposi t ion and tha t  these, if 
i n  a su f f i c ien t  d e w i t y ,  could p i n  the surface Fermi l eve l  t o  some 
making the b a r r i e r  height r e l a t i v e l y  independent o f  the metal work 
It has been shown [4] t h a t  f o r  many semiconductors, the b a r r i e r  he 
approximately 213 o f  the bandgap f o r  n-tqpe and 1/3 o f  the bandgap 
p-type mater ia l  s. 
t the 
present 
energy 
function. 
ght, i s  
for  
The nature o f  the surface states i s  not  wel l  understood. The termina- 
t i o n  o f  the bulk l a t t i c e  a t  the surface w i l l  introduce dangling bonds, the 
surface morphology being d i f f e r e n t  from tha t  i n  the bulk and various impu- 
r i t i e s  on the surface are some o f  the mechanisms g i v ing  r i s e  t o  surface 
states [5]. 
Recent work by Spicer [6] suggests tha t  i n  th:. metal deposi t ion process, 
defect  leve l5  a r e  created i n  the semiconductor. For a s u f f i c i e n t l y  high 
defect densi ty.  the surface Fermi l eve l  should be pinned t o  the defect 
energy leve l .  'his i s  shown i n  Fig.  5 f o r  GaAs. The loca t i on  of the Fermi 
leve l  coincides w i t h  the EL2 a n t i s i t e  defect  energy leve ls .  This defecL i s  
the r e s u l t  o f  an As atom occupying a Ga s i t e ,  and i t  has been suggested [ 7 ]  
t ha t  such a n t i s i t e  defects are created a t  the surface by the deposi t ion 
process. 
The deposi t ion of the metal a l t e r s  th;! nature o f  tnese surface stdtes.  
Because the exact d e t a i l s  of surface states and t h e i r  r o l e  i n  m-s 
contacts are not  wel l  understood, i t  i s  c lea r  tha t  "m-s engineering", i . e .  
designing the b a r r i e r  height t o  a spec i f i c  value, can i n  general not  be 
done. The c losest  t o  such a rea l i za t i on  are s i l i c i d e - q i l i c o n  contacts [2] 
i n  which the i n te r face  i s  located below the o r ig ina l  s i l i c o n  surface beca.,se 
s i l l c o n  i s  consumed i n  the s i l i c i d e  f o r r i t i o n  process. This a p p r ;  co 
reduce or el iminate surface s ta te  re la ted  e f fec ts .  The resu14 :ng near ly  
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l i nea r  propor t ional i ty  between barr ier  heights and work functions i s  shown 
i n  Fig. 2. For metals, however, it i s  v i r t u a l l y  impossible t o  make ohmic 
contacts of the "accumulationii type, although such contacts are preferred 
because o f  t h e i r  low ba r r i e r  heights. A good example i s  shown i n  Fig. 6 for 
Al/n-Si [9]. The Schottky argument would predict  a ba r r i e r  height of 0.2V. 
while i n  r e a l i t y  i t  i s  obseried t o  be 0.6-0.7V. 
This raises the question "how do we make good ohmic c o n t x t s ? "  The 
energy band diagrams o f  a m-s cmtac t  with increasing semiconductor doping 
and constant barr ier  he f j h t  are shown i n  Fig. 7. 
t r a t i o n  i s  increased, i t  becmiss progressively easicr f o r  electrons t o  
tunnel f rom the metal t o  the semiconductor and from the semiconductor t o  the 
metal, because tunnel l ing depends ch ie f l y  on the width o f  the barr ier .  
higher the tunnel l ing probabi1,ity the lower the contact r e s i s t i v i t y .  This 
i s  c lear ly  shown i n  Fig. 6. An addit ional factor  t ha t  helps t o  reduce the 
contact r e s i s t i v i t y  i s  ba r r i e r  lowering [!O], shown i n  F;g. 8. 
As the doping concen- 
The 
An ohmic contact i s  characterized by a contact resistance, related t o  
the contact r e s i s t i v i t y  i n  a complica?ed manner as a resu l t  of the current 
f l q w .  The f r o n t  contact o f  a solzrr c e l l  i s  as shown i n  Fig. 9. The current 
flows th-ough t l ie t h i n  P-surface layer i n t o  the contact causing current 
crowding a t  the edge c f  the contact. 
dif fused layer under L ' ~ ~  contact deca.ys exponentially w i th  a character ist ic 
transfer length, L, It depends 0'1 both the contact r e s i s t i v i t y ,  pC, 
and the sheet resistance, P,, and i s  a measure of that  par t  of the contact 
that  i s  act ive i n  the current f?cw from the d i f f u  .ed layer t o  the metal. 
Once the current i s  i n  the metal, i t  of course spreads out due t o  i t s  low 
r e s i s t i v i t y .  
To f i r s t  order, the voltage i n  the 
1 
The expression f o r  the contact resistance i s  given i n  Fig. 10. It 
incorporates both gemetrfcal  factors as well  as pC avd R, 112,133. F is  
i i d i ca tes  that f o r  typical  sheet resistances o f  30-100 ohms/square, typ ica l  
of solar ce l ls ,  LT can be very short. ohm-cm , i t  i s  only 
lop m, so that  evcn if the contact i s  1OOp m wide, only 1 0 ~  m around the 
edge part ic ipates i n  the transfer of current from tho ?i f fused layer t o  the 
metal. The normalized p l o t  of Fig. 12 shows the CG., c t  resistance mu l t i -  
p l i ed  by the length of tSe contact as a function 04 the contact width, L. 
I; c lear ly  Shws that when L exceeds LT, the contact resistance 
i s  constant and making the contact wider does not r e s u l t  i n  lower contact 
resistance. Widening the contact w i l l ,  howeve,., reduce the g r i d  l i n e  
resistance but w i l l  also increase shad iy  of the c e l l .  
sevies resistance o f  solar c e l l s  i s  the sum o f  several components, as shown 
i n  Fig. 13. Clearly s l l  o f  these must be optimized, but here we are only 
concsrned with the f ron t  and back contact resistance. A f i r s t  order calcu- 
1ati-c i n  Fig, 14 asslimes (i) the power loss due t o  series resistance i s  5% 
[14], and ( i i )  the contact resistance contributes 10% of the t o t a l  resis-  
tance, i.e. 0.5% o f  the power lcss. The ca1cL;ated contact r e s i s t i v i t i e s  
are i5-3 ohm-cm' 
1 
-4  2 For pc = 10 
What contact resistance values a r z  requirea f o r  solar ce l l s?  The 
2 c: 
. .. convent50na; one-sun applications and 10'' ohm-cm 
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f o r  concentrator 100-sun applications. The requirements for the back con- 
tacts are less severe because the contact area i s  equal t o  the c e l l  area. 
This i s  shown i n  Fig. 15. 
Experimentally determined contact r e s i s t i v i t i e s  f o r  S i  [ l5,  16, 171 and 
Values f o r  p-Si are less than those 
2 3 
GaAs [18] are shown i n  Figs. 16 and 17. 
for  n-Si, because the ba r r i e r  heights are lower. 
2 ohm-cm for n-Si are consistent w i th  typ ica l  solar c e l l  surface concentra- 
t ions of 1-2 x 7' crT3. Host of the data points i n  Fig. 16 are for A1 
contacts that  are well  sintered f o r  optimum resistance. Such low values may 
be a i f f i c u l t  t o  achieve w i th  plated and silk-screened contacts unless 
special at tent ion i s  paid t o  ensJre gcod, int imate contact between the metal 
and the semiconductor. Low contact resistance and high open c i r c u i t  voltage 
places two conf l ic t ing 12quirements on the dopinq concentration o f  the 
n-layer, as shown i n  Fig. 18. I n  practice, the "higher" requirement has 
usually been chosen. 
L imi t ing values of around 
The requiree values o f  10-5-10- ohm-cm are approached i n  both cases. 
The discussion so f a r  has deal t  wi th  a m-s coaltact that  i s  " ideal"  i n  
the sense tha t  there i s  uniform, int imate contact between the two, evev 
though surface states are present. 
using a heavily doped semiconductor. 
simple. i t  may look l i k e  tha t  i n  Fig. 19. Generally there i s  a layer of 
oxide o r  other contaminant between the two w i th  the r e s u l t  t ha t  the metal 
makes random contacts t o  the semiconductor and a l loys non-uniformly [19]. 
I n  addit ion penetration o f  metal i n t o  the di f fused layer causes spiking o r  
even penetration o f  layers o f  only 0.111 m thickness. 
bften shows a high degree of non-uniformity, generally along the periphery 
o f  the contact, which can be eliminated by adding a small amount o f  S i  o r  Cu 
t o  the A1 [19]. The contaminant layer may be o f  : i t t l e  signif icance i f  i t  
i s  su f f i c i en t l y  t h i n  that tunnel l ing can proceed freely. 
thick, then the contact resistance w i l l  increase sharply. 
The surface state problem i s  overcome by 
A "real"  contact, however, i s  not t h i s  
For example, A l / S i  
If i t  i s  too 
It i s  c lear that  wi th  proper surface preparation very low resistance 
For low-cost solar ce l ls ,  where cost-effective contacts can be achieved. 
contacting methcds l i k e  p la t i ng  and silk-screening are being pursued, care 
must be exercised t o  ensure the low resistance contacts required for the 
c e l l ' s  perfL. lliiince. This i s  especial ly t rue f o r  concentrator applications 
where the photocurrent increases and 121$ losses can become serious. 
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Figure 1. Schottky Model 
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Figure 5. Spicer Model 
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Figure 6. Example: AI-n-Si 
$,n(A1)-4.25 V; '#(Si)=4.05 V 
Hence should get d,lo.2 V; i n  reality 9 -0.6-0.7 v 
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Figure 7. Barrier Width-Doping Concentration 
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Figure 8. Barrier Lowering 
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Figure 9. Contact Current Crowding 
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Figure 10. Layer and Contact Resistance 
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Figure 12. Contact Resistance, Contact Size 
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Figure 14. Front Contact 
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Figure 1 5. Back Contact 
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Figure 1 6. Contact Resistivity: Si 
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Figure 1 7. 'Contact Resistivity: GaAs 
n- GaAs 
0 0  
0 t 
Figure 18. Diffused Layer ND 
.Should be low, becaure of 
0 Bandgap narrowlng 
0 Auger recombination 
0 Increared l r e t  
0 N,,A 1-2x10'9 cm-3 
0 Layer rheet rer lr tance 
Contact rer l r tance 
2 1020 cm-3 
89 
omatuL PAGE is 
O f  POOR QUALrrV 
Figure 1 9. "Real" Metal-Semiconductor Contact 
Contact area can be much saaller than acta1 area 
0 Interfacial layer NSC be thin for e f f ic ient  
runnelling ( s zs X) 
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DISCUSS ION 
HOGAN: Would you colmPent on the process of annealing, and what might be 
happening considering gallium arsenide also? 
SCHRODER: I think you will see when you read papers and they plot contact 
resistance as a function of temperature treatment (annealing, for 
example) that things tend to get better most of the time. 
on? I don't know. Maybe there is an interdiffusion. There can be 
interdiffusion of metallic species at room temperature. 
found metallic impurities in the semiconductor by not heating it at all, 
so there is interdiffusion. People are doing a lot of work right now on 
silicides. 
goes on in the contact and I am not sure if anyone else really knows how 
much interdiffusion really takes place. Does it dope, does it not dope, 
etc.; we can play all sorts of games, as we heard earlier. If we 
implant donors or acceptors we can lover or raise the barrier height, 
and so on, but I think as a rule we don't really understand, not very 
well anyway. 
Now what goes 
People have 
I really don't know what the answer is. I don't know what 
NICOLET: Would you project the viewgraph with the contact resistivity 
I can give you an upgraded number for titanium nitride. values? 
SCHRODER: This was from a paper two years ago. 
NICOLET: We have done Ti-nitride on n as well as on p up about where you 
have hafnium nitride. 
the same for n and p. 
so. 
there is a shift in the value height that has to do with certain states, 
which goes away by annealing and that, we think, comes because we use RF 
sputtering. If we did that with clc it probably would be less. We have 
better numbers. It's still high on the rest of these things, but it is 
more where hafnium nitride is. 
About half way; it is 3 or 4 x 10-5 and it is 
That value is 2 after you anneal by 400° 01: 
If you don't have it before, it is worth noting that in n on p 
SCHRODER: But you don't really need these values for conventional solar 
cells. I think if you are here you are fine. 
NICOLET: Well, up to 30 times concentration of these values -- 
SCHRODER: Right, exactly. I think if you can do 
reproducibly, there is no problem. 
moving up to here that you are going to run into problems. 
I think it is only when you start 
QUESTION: Excuse me, is that using transmission line? 
NICOLET: This problem -- this will be published in Solid State Electronics -- 
the difficulty with making good measurements on these layers is that you 
have to include the sheet resistivity to the metal layer also. You have 
to take a double transmission li t model -- we can do that in the 
beginning, learn quite a lot from difficulties -- BO we got numbers that 
attributed voltage difference to the contact resistance while it was due 
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to the metal. So if you cover that with additional metal to get rid of 
this or you apply models that include the effect, you get the same 
result. This is why we are fairly confident that these numbers now are 
real, honest-to-God numbers for the measurements we have made. 
SCHRODER: The measurements are not trivial for these contact resistivities. 
There was a paper recently that dealt with polysilicon to silicon in 
which certainly the resistance of the poly becomes very important, and 
you ought to take that into account, just like you said for the metal, 
which we normally think of as infinitely conducting. It really isn't. 
WOLF: Since you essentially make the entire surface degenerate to make a 
good ohmic contact -- there was an old method used some decades ago, of 
mechanically damaging the surface heavily to make a good ohmic contwt. 
Is that a somewhat related method, to essentially make the surface 
degenerate too? 
SCHRODER: I thought about that a little bit and I think what is happening is 
you have created an enormous number of recombination centers. Normally 
an ohmic contact is a region of infinite recombinations. That is how we 
define it from a device viewpoint. So if you, in truth, introduce an 
enormous number of recombination centers by mechanically damaging the 
surface, I am not sure I would rely on the reliability of the ohmic 
contact. 
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